Measurements of the T2K neutrino beam properties using the INGRID on-axis near detector by T2K Collaboration et al.
Measurements of the T2K neutrino beam properties
using the INGRID on-axis near detector
K. Abeaw, N. Abgrallp, Y. Ajimar, H. Aiharaav, J.B. Albertm,
C. Andreopoulosau, B. Andrieuak, M.D. Anerellaf, S. Aokiaa, O. Araokar,
J. Argyriadesp, A. Arigac, T. Arigac, S. Assylbekovk, D. Autieroaf,
A. Badertschero, M. Barbian, G.J. Barkerbd, G. Barraj, M. Bassk,
M. Batkiewiczq, F. Bayc, S. Benthamac, V. Berardiv, B.E. Bergerk,
I. Bertramac, M. Besniern, J. Beucherh, D. Beznoskoah, S. Bhadrabh,
F.d.M. Blaszczykh, J. Blockiq, A. Blondelp, C. Bojechkoba, J. Bouchezh,
S.B. Boydbd, A. Bravarp, C. Bronnern, D.G. Brook-Robergee, N. Buchanank,
H. Buddao, D. Calveth, S.L. Cartwrightar, A. Carverbd, R. Castillos,
M.G. Catanesiv, A. Cazesaf, A. Cerverat, C. Chavezad, S. Choiaq,
G. Christodoulouad, J. Colemanad, G. Collazuolx, W. Colemanae,
K. Connollybe, A. Curionio, A. Dabrowskaq, I. Dankoal, R. Dask,
G.S. Daviesac, S. Davisbe, M. Dayao, G. De Rosaw, J.P.A.M. de Andre´n, P. de
Perioay, T. Dealtryaj,au, A. Delbarth, C. Denshamau, F. Di Lodovicoam, S. Di
Luiseo, P. Dinh Trann, J. Dobsonu, U. Dorey, O. Drapiern, F. Dufourp,
J. Dumarchezak, S. Dytmanal, M. Dziewieckibc, M. Dziombabe, S. Emeryh,
A. Ereditatoc, J.E. Escallierf, L. Escuderot, L.S. Espositoo, M. Fechnerm,h,
A. Ferrerop, A.J. Finchac, E. Frankc, Y. Fujiir, Y. Fukudaag, V. Galymovbh,
G.L. Ganetisf, F. C. Gannawayam, A. Gaudinba, A. Gendottio, M. Georgeam,
S. Giffinan, C. Gigantis, K. Giljeah, A.K. Ghoshf, T. Golanbg, M. Goldhaberf,
J.J. Gomez-Cadenast, S. Gomiab, M. Goninn, N. Grantac, A. Grantat,
P. Gumplingeraz, P. Guzowskiu, A. Haeslerp, M.D. Haighaj, K. Hamanoaz,
C. Hansent, D. Hansenal, T. Haraaa, P.F. Harrisonbd, B. Hartfielae,
M. Hartzbh,ay, T. Haruyamar, T. Hasegawar, N.C. Hastingsan,
A. Hatzikoutelisac, K. Hayashir, Y. Hayatoaw, C. Heartye, R.L. Helmeraz,
R. Hendersonaz, N. Higashir, J. Hignightah, A. Hillairetba, E. Hiroser,
J. Holeczekas, S. Horikawao, A. Hyndmanam, A.K. Ichikawaab, K. Iekiab,
M. Ievas, M. Iidar, M. Ikedaab, J. Ilicau, J. Imberah, T. Ishidar, C. Ishiharaax,
T. Ishiir, S.J. Ivesu, M. Iwasakiav, K. Iyogiaw, A. Izmaylovz, B. Jamiesonbf,
R.A. Johnsonj, K.K. Jooi, G.V. Jover-Manass, C.K. Jungah, H. Kajiax,
∗Corresponding author.
Email address: masashi.o@scphys.kyoto-u.ac.jp (M. Otani)
Preprint submitted to Elsevier November 15, 2011
ar
X
iv
:1
11
1.
31
19
v1
  [
ph
ys
ics
.in
s-d
et]
  1
4 N
ov
 20
11
T. Kajitaax, H. Kakunoav, J. Kamedaaw, K. Kaneyukiax, D. Karlenba,az,
K. Kasamir, I. Katoaz, H. Kawamukoab, E. Kearnsd, M. Khabibullinz,
F. Khanamk, A. Khotjantsevz, D. Kielczewskabb, T. Kikawaab, J. Kime,
J.Y. Kimi, S.B. Kimaq, N. Kimurar, B. Kirbye, J. Kisielas, P. Kitchinga,
T. Kobayashir, G. Koganu, S. Koiker, A. Konakaaz, L.L. Kormosac,
A. Korzenevp, K. Kosekir, Y. Koshioaw, Y. Kouzumaaw, K. Kowalikb,
V. Kravtsovk, I. Kresloc, W. Kroppg, H. Kuboab, J. Kubotaab, Y. Kudenkoz,
N. Kulkarniae, Y. Kurimotoab, R. Kurjatabc, T. Kutterae, J. Lagodab,
K. Laihemap, M. Lavederx, K.P. Leeax, P.T. Leah, J.M. Levyak, C. Licciardian,
I.T. Limi, T. Lindnere, R.P. Litchfieldbd,ab, M. Litosd, A. Longhinh,
G.D. Lopezah, P.F. Loverrey, L. Ludoviciy, T. Luxs, M. Macaireh, K. Mahnaz,
Y. Makidar, M. Maleku, S. Manlyao, A. Marchionnio, A.D. Marinoj,
A.J. Maronef, J. Marteauaf, J.F. Martinay, T. Maruyamar, T. Maryonac,
J. Marzecbc, P. Masliahu, E.L. Mathiean, C. Matsumuraai, K. Matsuokaab,
V. Matveevz, K. Mavrokoridisad, E. Mazzucatoh, N. McCauleyad,
K.S. McFarlandao, C. McGrewah, T. McLachlanax, M. Messinac,
W. Metcalfae, C. Metelkoau, M. Mezzettox, P. Mijakowskib, C.A. Milleraz,
A. Minaminoab, O. Mineevz, S. Mineg, A.D. Missertj, G. Mitukaax,
M. Miuraaw, K. Mizouchiaz, L. Monfregolat, F. Moreaun, B. Morganbd,
S. Moriyamaaw, A. Muirat, A. Murakamiab, J.F. Muratoref, M. Murdochad,
S. Murphyp, J. Myslikba, N. Nagaiab, T. Nakadairar, M. Nakahataaw,
T. Nakaiai, K. Nakajimaai, T. Nakamotor, K. Nakamurar, S. Nakayamaaw,
T. Nakayaab, D. Naplesal, M.L. Navinar, B. Nelsonah, T.C. Nichollsau,
C. Nielsene, K. Nishikawar, H. Nishinoax, K. Nittaab, T. Nobuharaab,
J.A. Nowakae, Y. Obayashiaw, T. Ogitsur, H. Ohhatar, T. Okamurar,
K. Okumuraax, T. Okusawaai, S.M. Osere, M. Otaniab,∗, R. A. Owenam,
Y. Oyamar, T. Ozakiai, M.Y. Pacl, V. Palladinow, V. Paoloneal, P. Paulah,
D. Paynead, G.F. Pearceau, J.D. Perkinar, V. Pettinaccio, F. Pierreh,
E. Poplawskaam, B. Popovak, M. Posiadalabb, J.-M. Poutissouaz,
R. Poutissouaz, P. Przewlockib, W. Qianau, J.L. Raafd, E. Radicioniv,
P.N. Ratoffac, T.M. Rauferau, M. Ravonelp, M. Raymondu, F. Retiereaz,
A. Robertak, P.A. Rodrigues1, E. Rondiob, J.M. Roneyba, B. Rossic,
S. Rothap, A. Rubbiao, D. Ruterboriesk, S. Sabourie, R. Saccoam,
K. Sakashitar, F. Sa´nchezs, A. Sarrath, K. Sasakir, K. Scholbergm,
J. Schwehrk, M. Scottu, D.I. Scullybd, Y. Seiyaai, T. Sekiguchir, H. Sekiyaaw,
M. Shibatar, Y. Shimizuax, M. Shiozawaaw, S. Shortu, M. Siyadau,
R.J. Smithaj, M. Smyg, J.T. Sobczykbg, H. Sobelg, M. Sorelt, A. Stahlap,
P. Stamoulist, J. Steinmannap, B. Stillam, J. Stoned, M. Stodulskiq,
2
C. Strabelo, R. Sulejb, A. Suzukiaa, K. Suzukiab, S. Suzukir, S.Y. Suzukir,
Y. Suzukir, Y. Suzukiaw, J. Swierblewskiq, T. Szeglowskias, M. Szeptyckab,
R. Tacikan,az, M. Tadar, M. Taguchiab, S. Takahashiab, A. Takedaaw,
Y. Takenagaaw, Y. Takeuchiaa, K. Tanakar, H.A. Tanakae, M. Tanakar,
M.M. Tanakar, N. Tanimotoax, K. Tashiroai, I. Taylorah, A. Terashimar,
D. Terhorstap, R. Terriam, L.F. Thompsonar, A. Thorley1, W. Tokik,
S. Tobayamae, T. Tomarur, Y. Totsukar, C. Touramanisad, T. Tsukamotor,
M. Tzanovae,j, Y. Uchidau, K. Uenoaw, A. Vacheretu, M. Vaginsg, G. Vasseurh,
T. Wachalaq, J.J. Waldingu, A.V. Waldronaj, C.W. Walterm, P.J. Wandererf,
J. Wangav, M.A. Wardar, G.P. Wardar, D. Warkau,u, M.O. Wasckou,
A. Weberaj,au, R. Wendellm, N. Westaj, L.H. Whiteheadbd, G. Wikstro¨mp,
R.J. Wilkesbe, M.J. Wilkingaz, Z. Williamsonaj, J.R. Wilsonam, R.J. Wilsonk,
T. Wongjiradm, S. Yamadaaw, Y. Yamadar, A. Yamamotor, K. Yamamotoai,
Y. Yamanoir, H. Yamaokar, T. Yamauchiab, C. Yanagisawaah, T. Yanoaa,
S. Yenaz, N. Yershovz, M. Yokoyamaav, T. Yuanj, A. Zalewskaq, J. Zalipskae,
L. Zambelliak, K. Zarembabc, M. Ziembickibc, E.D. Zimmermanj, M. Zitoh,
J. Z˙mudabg,
(The T2K Collaboration)
aUniversity of Alberta, Centre for Particle Physics, Department of Physics, Edmonton,
Alberta, Canada
bNational Center for Nuclear Research, Warsaw, Poland
cUniversity of Bern, Albert Einstein Center for Fundamental Physics, Laboratory for
High Energy Physics (LHEP), Bern, Switzerland
dBoston University, Department of Physics, Boston, Massachusetts, U.S.A.
eUniversity of British Columbia, Department of Physics and Astronomy, Vancouver,
British Columbia, Canada
fBrookhaven National Laboratory, Physics Department, Upton, New York, U.S.A.
gUniversity of California, Irvine, Department of Physics and Astronomy, Irvine,
California, U.S.A.
hIRFU, CEA Saclay, Gif-sur-Yvette, France
iChonnam National University, Institute for Universe & Elementary Particles, Gwangju,
Korea
jUniversity of Colorado at Boulder, Department of Physics, Boulder, Colorado, U.S.A.
kColorado State University, Department of Physics, Fort Collins, Colorado, U.S.A.
lDongshin University, Department of Physics, Naju, Korea
mDuke University, Department of Physics, Durham, North Carolina, U.S.A.
nEcole Polytechnique, IN2P3-CNRS, Laboratoire Leprince-Ringuet, Palaiseau, France
oETH Zurich, Institute for Particle Physics, Zurich, Switzerland
pUniversity of Geneva, Section de Physique, DPNC, Geneva, Switzerland
qH. Niewodniczanski Institute of Nuclear Physics PAN, Cracow, Poland
rHigh Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki, Japan
3
sInstitut de Fisica d’Altes Energies (IFAE), Bellaterra (Barcelona), Spain
tIFIC (CSIC & University of Valencia), Valencia, Spain
uImperial College London, Department of Physics, London, United Kingdom
vINFN Sezione di Bari and Universita` e Politecnico di Bari, Dipartimento
Interuniversitario di Fisica, Bari, Italy
wINFN Sezione di Napoli and Universita` di Napoli, Dipartimento di Fisica, Napoli, Italy
xINFN Sezione di Padova and Universita` di Padova, Dipartimento di Fisica, Padova,
Italy
yINFN Sezione di Roma and Universita` di Roma ”La Sapienza”, Roma, Italy
zInstitute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
aaKobe University, Kobe, Japan
abKyoto University, Department of Physics, Kyoto, Japan
acLancaster University, Physics Department, Lancaster, United Kingdom
adUniversity of Liverpool, Department of Physics, Liverpool, United Kingdom
aeLouisiana State University, Department of Physics and Astronomy, Baton Rouge,
Louisiana, U.S.A.
afUniversite´ de Lyon, Universite´ Claude Bernard Lyon 1, IPN Lyon (IN2P3),
Villeurbanne, France
agMiyagi University of Education, Department of Physics, Sendai, Japan
ahState University of New York at Stony Brook, Department of Physics and Astronomy,
Stony Brook, New York, U.S.A.
aiOsaka City University, Department of Physics, Osaka, Japan
ajOxford University, Department of Physics, Oxford, United Kingdom
akUPMC, Universite´ Paris Diderot, CNRS/IN2P3, Laboratoire de Physique Nucle´aire et
de Hautes Energies (LPNHE), Paris, France
alUniversity of Pittsburgh, Department of Physics and Astronomy, Pittsburgh,
Pennsylvania, U.S.A.
amQueen Mary, University of London, School of Physics and Astronomy, London, United
Kingdom
anUniversity of Regina, Physics Department, Regina, Saskatchewan, Canada
aoUniversity of Rochester, Department of Physics and Astronomy, Rochester, New York,
U.S.A.
apRWTH Aachen University, III. Physikalisches Institut, Aachen, Germany
aqSeoul National University, Department of Physics and Astronomy, Seoul, Korea
arUniversity of Sheffield, Department of Physics and Astronomy, Sheffield, United
Kingdom
asUniversity of Silesia, Institute of Physics, Katowice, Poland
atSTFC, Daresbury Laboratory, Warrington, United Kingdom
auSTFC, Rutherford Appleton Laboratory, Harwell Oxford, United Kingdom
avUniversity of Tokyo, Department of Physics, Tokyo, Japan
awUniversity of Tokyo, Institute for Cosmic Ray Research, Kamioka Observatory,
Kamioka, Japan
axUniversity of Tokyo, Institute for Cosmic Ray Research, Research Center for Cosmic
Neutrinos, Kashiwa, Japan
ayUniversity of Toronto, Department of Physics, Toronto, Ontario, Canada
4
azTRIUMF, Vancouver, British Columbia, Canada
baUniversity of Victoria, Department of Physics and Astronomy, Victoria, British
Columbia, Canada
bbUniversity of Warsaw, Faculty of Physics, Warsaw, Poland
bcWarsaw University of Technology, Institute of Radioelectronics, Warsaw, Poland
bdUniversity of Warwick, Department of Physics, Coventry, United Kingdom
beUniversity of Washington, Department of Physics, Seattle, Washington, U.S.A.
bfUniversity of Winnipeg, Department of Physics, Winnipeg, Manitoba, Canada
bgWroclaw University, Faculty of Physics and Astronomy, Wroclaw, Poland
bhYork University, Department of Physics and Astronomy, Toronto, Ontario, Canada
Abstract
Precise measurement of neutrino beam direction and intensity was achieved
based on a new concept with modularized neutrino detectors. INGRID (In-
teractive Neutrino GRID) is an on-axis near detector for the T2K long base-
line neutrino oscillation experiment. INGRID consists of 16 identical mod-
ules arranged in horizontal and vertical arrays around the beam center. The
module has a sandwich structure of iron target plates and scintillator track-
ers. INGRID directly monitors the muon neutrino beam profile center and
intensity using the number of observed neutrino events in each module. The
neutrino beam direction is measured with accuracy better than 0.4 mrad
from the measured profile center. The normalized event rate is measured
with 4% precision.
Keywords: Neutrino oscillation, T2K, Neutrino beam, Neutrino detector,
extruded scintillator, wave length shifting fiber
1. Introduction
To investigate the flavor mixing of neutrinos [1, 2] and the neutrino mass
splittings, long baseline (over 100 km) neutrino oscillation experiments are
currently running and also being prepared. In these experiments, it is ex-
tremely important to measure the beam direction and intensity to ensure the
stable neutrino production from a primary proton beam.
T2K (Tokai-to-Kamioka) [3] is a long baseline neutrino oscillation exper-
iment. An intense muon neutrino beam is produced by using the 30-GeV
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proton synchrotron at J-PARC (Japan Proton Accelerator Research Com-
plex) in Tokai. The proton beam impinges on a graphite target to produce
charged pions, which are focused by three magnetic horns. The pions decay
mainly into muon – muon-neutrino pairs during their passage through the
96-meter decay volume. After traveling 295 km, the neutrinos are detected
by the Super-Kamiokande (SK) detector [4] in the Kamioka Observatory
(Fig. 1). The goals of the T2K experiment are to measure oscillation param-
eters with a precision of δ(sin2 2θ23) ∼ 0.01 and δ(∆m223) ∼ 10−4 eV2 via νµ
disappearance and to investigate θ13 through νµ → νe oscillation.
Figure 1: Schematic view of the T2K experiment configuration. At the near detector
location, there are two detectors: one is an off-axis near detector and the other is the
INGRID on-axis near detector.
T2K adopts an off-axis beam configuration [5]; the beam center direction
is 2.5 degrees away from the direction of SK so that the muon neutrino beam
has a narrow energy peak at ∼ 0.6 GeV, which maximizes the effect of the
neutrino oscillation at SK and minimizes the background for the signal. The
neutrino energy, however, varies as a function of the off-axis angle. Therefore,
it is important to monitor and control the beam direction precisely; the
beam direction is required to be controlled within ±1 mrad. In addition,
monitoring of the beam intensity is important to ensure stable beam neutrino
production. T2K has a mumon monitor [6] downstream of the beam dump.
It measures the beam direction and stability by detecting muons from pion
decay for every bunch. Since the muon monitor detects only high energy
muons which penetrate the beam dump, the phase space of parent pions
covered by the muon monitor is much different from the one of pions which
produce neutrinos to the near or far detectors. INGRID (Interactive Neutrino
GRID) is an on-axis near detector and measures the neutrino beam direction
and intensity by detecting neutrino interaction events. The covered phase
space of the parent pions are much closer to the one for the off-axis neutrino
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detectors than the muon monitor. Therefore, the measurement by INGRID
is more directly connected with the T2K neutrino property. It was designed
to provide daily measurements at the design beam intensity (750 kW primary
proton beam power).
This paper reports neutrino beam measurements using the INGRID de-
tector based on the first two physics runs: Run 1 (Jan.-Jun. 2010) and Run
2 (Nov. 2010 - Mar. 2011). During this time period, INGRID recorded more
than 99.6% of delivered beam corresponding to 1.44 × 1020 protons on tar-
get (POT). Using data from the same period, the T2K experiment observed
indications of νµ → νe appearance [7].
In section 2 and 3, the design and basic performance of the INGRID
detector are described, respectively. Details of Monte Carlo (MC) simula-
tions and criteria for neutrino event selection are described in section 4 and
5, respectively. In section 6, results of neutrino beam measurements with
INGRID are summarized.
2. Detector configuration
INGRID is located 280 meters downstream of the meson production tar-
get, where the spatial width (1σ) of the neutrino beam is about 5 meters.
Therefore, it is designed to sample the beam in a transverse section of 10 m
× 10 m with 14 identical modules arranged as two identical groups along
the horizontal and vertical axis. Two separate modules are placed at off-axis
positions off the main cross, as shown in Fig. 2 to monitor the asymmetry of
the beam.
Each of the modules consists of a sandwich structure of nine iron target
plates and 11 tracking scintillator planes as shown in Fig. 3 left. They are
surrounded by veto scintillator planes (Fig. 3 right) to reject charged particles
coming from outside the modules. The dimensions of the iron target plates
are 124× 124 cm2 in the horizontal and vertical directions and 6.5 cm along
the beam direction. The total iron mass serving as a neutrino interaction
target is 7.1 tonnes per module. Neutrino interaction events are selected by
reconstructing the track of charged particles generated by interactions in the
iron target. The horizontal and vertical profiles are reconstructed from the
number of observed events in each module. The beam center is measured
as the center of profile. Each of the eleven tracking planes consists of 24
scintillator bars in the horizontal direction glued to 24 perpendicular bars
in the vertical direction with CEMEDINER© PM200. Each of veto planes
7
±5m
±5m
Figure 2: INGRID on-axis near detector. The 16 identical modules sample the neutrino
beam in a transverse section of 10 m × 10 m . The center of the cross, with two overlapping
modules, corresponds to the designed neutrino beam center (θ = 0◦).
Figure 3: Structure of the module. It is a sandwich made of nine iron target plates and
eleven scintillator trackers (left). The module is surrounded by the scintillator veto planes
(right).
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consists of 22 scintillator bars segmented along the beam direction. There
are 9592 scintillator bars in total. No iron plate was placed between the 10th
and 11th tracking planes.
All the INGRID scintillator bars were produced at Fermilab [8]. The scin-
tillator bars are made of polystyrene, infused with PPO (1%) and POPOP
(0.03%), and are produced by extrusion in the shape of a rectangular cross
section (1.0 cm × 5.0 cm). A white reflective coating composed of TiO2
infused in polystyrene is co-extruded. One side of the rectangular face, far
from the photo-detector, is painted with ELJENR© EJ-510. The length of the
scintillator bars is 120.3 cm, 111.9 cm and 129.9 cm for tracking, top/bottom
veto and right/left veto planes, respectively. A hole whose diameter is about
3 mm at the center of the scintillator bar allows the insertion of a wavelength
shifting (WLS) fiber for light collection.
The WLS fiber, Y11(200)M by Kuraray [9] is used for the light collec-
tion. The diameter of the fibers is 1.0 mm and fits the active region of
the photo-detector (1.3×1.3 mm2). The fibers are cut to the lengths of the
scintillators and the cut surfaces are polished with diamond blades (Fiberfin
Inc. FiberFin 4). One side of the fiber is attached to a Multi Pixel Photon
Counter (MPPC, Hamamatsu S10362-13-050C) [10] [11] with a specially de-
veloped connector [12]. The other side is painted with ELJENR© EJ-510 to
increase the light yield at the far side.
The MPPC signal is transported to the front-end electronics by a co-axial
cable (Hirose U.FL-2LP-068). In the electronics, the integrated charge and
hit timing are digitized and recorded with a 2.5 photo-electron (PE) thresh-
old. The bias voltage applied to the MPPCs is controlled by the front-end
electronics with a precision of 0.02 V. A detailed description of the electronics
can be found in [13].
Figure 4 shows an example of neutrino event candidates in one of the
modules.
3. Basic performance of the detector
INGRID identifies neutrino events by detecting tracks from muons. The
hit efficiency for muon tracks is monitored with the beam induced muons
incoming from outside of the detector. The mean light yield and timing
resolution are monitored with cosmic-ray data.
9
Figure 4: Typical neutrino interaction event candidate in one of the modules. A beam
neutrino enters from the left. The size of the circles is proportional to the observed number
of PE at scintillator bars, and black lines show the reconstructed tracks.
3.1. Mean light yield
The mean light yield per 1cm of a muon track is monitored with inter-spill
cosmic-ray data for each scintillator bar. A typical light yield distribution
of one channel is shown in Fig. 5. The distribution is consistent with the
Landau distribution. The mean light yields of all the channels are shown in
Fig. 6. The average mean light yield normalized to unit length is 24 PE/cm.
3.2. Hit efficiency
The hit efficiency is evaluated by muons with the following procedure;
the muon track is reconstructed without using the hit information in the
scintillator plane being evaluated, and then in that plane, channels expected
to have hits from the track trajectory are checked whether they have a hit
or not.
Figure 7 shows the result of the hit efficiency measurement with the beam
induced muons. Figure 8 shows the efficiency as a function of the track angle
measured using cosmic-ray muons. The track angle is defined as the angle
between the designed beam direction and the reconstructed track. The main
reason for the inefficiency is because of the small gap between scintillator
10
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Figure 5: Typical light yield distribution. Light yield is normalized by the path length.
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Figure 6: Mean light yields.
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bars, so the efficiency depends on track angle; a particle with small angle has
more probability to go through the gap. As a result, the efficiency is smaller
than that expected from PE statistics with measured light yield described in
section 3.1.
Mean   0.9804
RMS    0.005487
Hit efficiency
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Figure 7: Hit efficiency for all channels.
3.3. Hit timing resolution
Hit timing resolution is estimated by measuring the time difference among
hit channels for cosmic-ray tracks. Figure 9 shows the time differences of each
hit channel from the average of all channels after the correction for differences
in the readout cable length and the light propagation time through the fiber.
The RMS is 0.9 nsec, which corresponds to the timing resolution if all the
channels have the same resolution. The width of the primary proton beam
bunch was about 30 nsec during RUN 1 and 2, so this resolution is sufficient
for selecting the beam events.
4. Monte Carlo simulations for the neutrino beam measurements.
The Monte Carlo (MC) simulations for the neutrino beam measurements
consist of three main parts. The first is a simulation of the neutrino beam
production, which predicts the neutrino flux and energy spectrum of each
12
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Figure 8: Hit efficiency as a function of reconstructed track angle measured by cosmic-ray
data.
Figure 9: Time difference of hit channels from the average hit times for cosmic-ray tracks.
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neutrino flavor. The second is a neutrino interaction simulation, which cal-
culates the cross-section of the neutrino interaction and kinematics of final
state particles taking into account the intranuclear interactions of hadrons.
The third step is a detector response simulation to reproduce the scintillator
light yield, and the response of WLS fibers and MPPC.
4.1. Neutrino beam prediction
To predict neutrino fluxes and energy spectra, a neutrino beam Monte
Carlo simulation, called JNUBEAM [3], was developed based on the GEANT3
framework [14]. We compute the neutrino beam fluxes starting from models
(FLUKA [15, 16] and GCALOR [17]) and tuning them to experimental data
(NA61/SHINE [18] and Eichten et al. [19]). Energy spectra at the center
and end of the horizontal modules are shown in Fig. 10. Because each module
covers a different off-axis angle, the neutrino energy spectrum at each module
location is different. The difference in the average neutrino energy between
the center module and the end module is about 0.2 GeV. Energy spectra at
10 m upstream from INGRID are predicted with the same procedure in order
to simulate the background events from neutrino interactions in the wall of
the experimental hall.
end module 
center module 
Figure 10: Neutrino energy spectrum predicted by JNUBEAM at the center and end
modules.
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4.2. Neutrino interaction simulation
Neutrino interactions with iron in INGRID are simulated using the NEUT
program libraries [20]. The neutrino interactions in the scintillator tracker are
generated, taking into account the mass ratio. Combined with the neutrino
flux predicted by JNUBEAM, we expect about 4× 107 neutrino interactions
for 1021 POT in the 14 modules consisting of horizontal and vertical rows.
For the background event simulation, the neutrino interactions on an equal
mix of carbon and hydrogen are generated uniformly in the upstream wall of
the experimental hall. The wall mainly consists of sand, but for simplicity
carbon and hydrogen are used in the simulation. The number of generated
interactions is normalized by the beam induced muon events (described in
Sec.5.1.5) in data.
4.3. INGRID detector response simulation
Detector response simulation was developed with the Geant4 framework [14].
The simulation includes a detailed geometry of the experimental hall.
The energy deposit in each scintillator bar is simulated by Geant4 library
and is converted to the number of PE at each MPPC. The conversion factor
from the energy deposit to a number of PE is determined based on the
measured light yields with cosmic-rays. The cross section of the scintillator
bar is tuned to reproduce the hit inefficiency due to the dead region of the
bar. The scintillator quenching effect is simulated using Birk’s law with the
value measured in [21]. Attenuation in the fiber is taken into account based
on the measured attenuation length [22]. The response of MPPC, such as
saturation due to the finite number of photo-diodes, is modeled based on test
bench measurements [23].
The dimensions and mass of the iron target plates are implemented with
the design value. For analysis, we make a correction for the measured mass
difference for each iron plate, as described in Sec.5.3.
5. Neutrino event selection
The neutrino beam profile is reconstructed from the number of neutrino
interaction events at each module. This section describes the selection pro-
cedure for neutrino interactions and the systematic error.
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5.1. Selection criteria
A neutrino interaction event is identified by a long track from a charged
particle generated by the neutrino interaction. First, pre-selections are ap-
plied to reject accidental noise events. Then, tracks are reconstructed using
hit information. After that, charged particles from outside of the module are
rejected with the veto planes and the reconstructed event vertex is required
to be inside the fiducial volume (FV). In these selections, each module is
treated separately. The event selection criteria are described in the following
sections.
5.1.1. Event definition
When there are four or more hits in a 100 nsec time window, all hits
within ±50 nsec compose an event.
5.1.2. Pre-selections
A tracking plane with at least one hit in both x and y layers is defined
as an ”active” plane. We use a right hand coordinate in which z is along
the beam direction and y is upward in the vertical direction. Events with
three or more active planes are selected as shown in Fig. 11. There is a
discrepancy in the number of events with no active plane between data and
MC. Figure 12 shows a MC event display of a typical event with no active
plane. The first tracking plane is not counted as the active planes, but are
used fro veto. Most of the events originate in low energy particles produced
by the neutrino interaction in the wall of the experimental hall. We consider
that the discrepancy is caused by uncertainties to simulate these low energy
particles.
After the selection with the number of active planes, light yields averaged
over x or y layers of the active planes are required to be larger than 6.5 PE
for both x layers and y layers as shown in Fig.13; inefficiency due to this
selection is negligible for muon tracks.
5.1.3. Tracking
After the previous selections, tracks in x-z and y-z projection are re-
constructed independently with a simple algorithm; first, hits in the most
downstream active layer are adopted as the end point of the track. Then the
track is extrapolated to upstream layers by checking the upstream hits. A hit
is included in the track if the hit position is within two scintillator bars from
the straight line extrapolated from the downstream hits. Figure 14 shows an
16
2 4 6 8 10 
Figure 11: Number of active planes. Events with more than two active planes are selected.
Figure 12: Examples of the MC event with no active plane. The red circle shows a hit by
the particle and the blue circle shows the hit by MPPC noise.
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Figure 13: Light yield averaged over active layers. Events with more than 6.5 PE are
selected.
example of a reconstructed track. Tracking efficiency is checked with cosmic-
ray data and the efficiency is ∼ 95% for cosmic-rays passing three scintillator
planes.
Figure 14: Examples of the reconstructed tracks. The size of the circles shows the observed
number of PE at scintillator bars, and black lines show the reconstructed tracks.
The vertex position is reconstructed as the most upstream point of the
track for each projection. The track angle is obtained by fitting the hits
composing the track with a straight line. Figures 15 and 16 show differences
between true and reconstructed x and z vertices, respectively, for MC events.
The RMS for the x vertices is 2.7 cm. Figure 17 shows the distribution of
3D angle between true and reconstructed muon tracks for MC events. The
18
RMS is 3.8 degrees.
After the tracking, some badly fitted tracks are rejected by using the
position difference of the vertex z between x-z and y-z projections. The
difference is required to be within ±1 plane, as shown in Fig. 18.
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Figure 15: Differences between true and reconstructed vertex position in the x direction
for MC events.
5.1.4. Timing cut
To reject off-timing events such as cosmic-ray events, only events of ±100
nsec from the expected timing are selected (Fig.19). The expected timing is
evaluated with the primary proton beam timing [3], the time of flight of the
particles from the target to INGRID, and the delay of the electronics and
cables. The event timing is defined by the hit at the start point of the track.
5.1.5. Veto and Fiducial Volume (FV) cuts
Two selections are applied to reject incoming particles produced by neu-
trino interactions in the upstream material, such as the wall of the experi-
mental hall. First, events which have a hit in a veto plane or the first tracker
plane at the upstream position extrapolated from the reconstructed track
are rejected. Event displays of events rejected by the veto cut are shown in
Fig. 20. After the veto cut, the fiducial volume (FV) cut is applied. The
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Figure 16: Differences between true and reconstructed vertex position in the z direction
for MC events.
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Figure 17: Angles between true and reconstructed tracks.
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Figure 18: Difference of the z vertex position between x-z and y-z projections.
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Figure 19: Time difference between measured event timing and expected neutrino event
timing. Events within ±100 nsec are selected.
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FV of each module is defined as a volume composed of the 3rd to 22nd of
the 24 scintillator bars in the x and y directions, and from the second to the
ninth tracker plane in the z direction. Events having a vertex inside the FV
are selected as shown in Fig. 21. The events rejected by these selections are
identified as ‘beam induced muon‘ events.
Figure 22 shows the vertex distributions in the x and y direction after all
cuts. The fraction of the background in the selected events is 0.4%.
Figure 20: Event displays of rejected events by the veto cut.
5 10 15 20 5 10 15 20 
Figure 21: Vertex x and y distributions. A volume composed of the 3rd to 22nd scintillator
bars in the x and y directions is defined as Fiducial Volume (FV).
5.1.6. Event selection summary
The result of the event selection is summarized in Table 1. The MC
simulation includes neutrino interactions in the wall of the experimental hall.
The number of neutrino interactions in the wall is normalized by the number
of beam induced muons in the real data. The MC simulation reproduces the
reduction in data well.
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Figure 22: Vertex x and y distributions after all the event selections.
Table 1: Event selection summary for 1.44 × 1020 POT. MC sample is normalized by
POT. The MC simulation includes neutrino interactions in the wall of the experimental
hall. The number of neutrino interactions in the wall is normalized by the number of the
beam induced muons in the real data.
selection Data (%) MC (%)
1 # of active planes > 2 8.53× 106 100 9.02× 106 100
2 PE / active layers > 6.5 8.53× 106 99.9 9.02× 106 99.9
3 Tracking 8.01× 106 94 8.40× 106 93
4 Track matching 7.74× 106 91 8.10× 106 90
5 Beam timing 7.73× 106 91 8.10× 106 90
6 veto cut 3.30× 106 39 3.30× 106 37
7 FV cut 2.18× 106 26 2.17× 106 24
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5.2. Selection efficiency
The neutrino event selection efficiency as a function of true neutrino en-
ergy is estimated by the MC simulation and is shown in Fig. 23. The ∼20%
inefficiency at high energy for the CC interaction is due to the events in
which muons are produced with a rather large angle: for such events, the
muon escapes from the module before it penetrates two iron plates.
Eν 
Figure 23: Neutrino event selection efficiency as a function of true neutrino energy.
5.3. Correction factors
In order to compare the data with the MC expectation, some corrections
are applied to the number of selected neutrino events. The correction factors
are for the iron target mass and accidental MPPC noise.
The neutrino interactions in the MC simulation are generated with the
design mass of iron target plates, so a correction is applied to the neutrino
interaction rate in each module individually to based on the difference of
the design mass to the measured mass of the module: −1 ∼ +1% for each
module.
Accidental MPPC noise hits sometimes results in mis-identification of
the vertex. The dependence on the event selectionas a function of MPPC
noise rate is estimated by a MC simulation where the PE distribution and
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hit timing distribution are varied to reproduce data noise rates. According
to this estimation and measured noise rate, the number of selected events is
decreased by 3% with the existence of MPPC noise. The number of events
in the MC simulation is corrected to account this effect.
5.4. Systematic errors
In this section the systematic error on the number of selected events is
described. We describe both the errors related to the event selection criterion
and the correction described in section 5.3.
The systematic error of the light yield selection is negligible because the
threshold value for the selection (6.5 PE/active layer) is much smaller than
the measured light yield from cosmic-ray. The systematic error of the track-
ing efficiency is estimated by comparing the efficiency for several lengths
of track between the data and the MC simulation. The difference is larger
for the shorter track events and the maximum difference of 1.4% is taken
as the systematic error. For the selection on the difference of vertex z be-
tween x-z and y-z projections, the systematic error is estimated by looking
at the change of the selection efficiency when varying the selection threshold.
The difference (2.7%) between this and the nominal selection is taken as the
systematic error. To estimate the systematic error associated with the FV
selection, the number of neutrino events is re-counted as the fiducial volume
is varied. In order to check the contamination of the beam induced muon
from the edge, the fiducial volume is separated to center, middle and edge
parts with the same volume. The difference of the event rate per unit volume
is 1.1%, which is taken as the systematic error. The discrepancy between the
hit efficiency measured with the beam induced muon event and that of the
MC simulation is assigned as the uncertainty in the hit detection efficiency.
The relation between the hit efficiency and the number of selected events is
estimated by the MC simulation. A systematic error of 1.8% is assigned.
The timing measurement is good enough that the systematic uncertainties
resulting from the beam timing cut and out-of-beam events are negligible.
There is a discrepancy between the beam induced muon event rate estimated
by the MC simulation and that measured from the data. The change in the
background contamination fraction from this discrepancy is estimated to be
0.2%, which is taken as the systematic error for the beam-related background
correction.
The uncertainty of the iron mass measurement, 0.1%, is taken as the
systematic error for the iron mass. The change in the selection efficiency due
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to the time variation of the measured noise rate is estimated to be 0.7%,
which is taken as the systematic error for the MPPC noise correction.
Table 2 shows a summary of the systematic errors. The total systematic
error is calculated as a quadratic sum of the errors and is 3.7%. In addition,
there is 2% uncertainty for the normalization due to the systematic error on
the POT measurement.
Table 2: Detector systematic errors
Item Error[%]
Average light yield per active layer <0.1
Tracking efficiency 1.4
Vertex z matching 2.7
FV cut 1.1
Hit efficiency 1.8
out-of-beam events <0.1
Beam timing selection <0.1
Beam-related background events 0.2
Iron mass 0.1
Accidental MPPC noise 0.7
Total 3.7
6. Results of the measurement
6.1. Event rate and comparison with the MC expectation
Figures 24 and 25 show the daily rates of the neutrino events and the
beam induced muon events normalized by protons on target (POT). The
beam induced muon events are defined as the events rejected by the veto cut
or the FV cut in Sec.5. They are measured typically with statistical errors
of 1.7% and 1.1% each day, respectively. The average event rate is slightly
decreased (-0.9%) on Feb. 4, 2011. This is considered to have been caused
by a change in the primary beamline condition. The muon yield measured
by the muon monitor showed a consistent tendency. The chi-squared values
calculated from the average rates of the neutrino events (beam induced muon
events) before and after Feb. 4, 2011 are 111.5 (122.1) for 125 data points
and 26.4 (25.6) for 32 data points, respectively. The event rate in INGRID
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before and after Feb. 4, 2011 remained stable within statistical error and the
beam intensity is stable during each of these two periods.
The data to MC ratio of the neutrino event rate is calculated to be
1.06±0.001 (stat.)±0.04(detector syst.)±0.02(POT error). The uncertain-
ties from the neutrino flux prediction and neutrino interaction model are not
included in the systematic error.
Date 
2010 
Jan. Apr. May Jun. Nov. Dec. 
2011 
Jan. Feb. May. Feb. Mar. 
111.5 / 125 (~ Feb. 4th 2011) 
  26.4 / 32    (Feb. 4th 2011~) 
Figure 24: Daily event rate of the neutrino events normalized by protons on target.
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Jan. Apr. May Jun. Nov. Dec. 
2011 
Jan. Feb. May. Feb. Mar. 
muon 
Date 
122.1 / 125 (~ Feb. 4th 2011) 
  25.6 / 32    (Feb. 4th 2011~) 
Figure 25: Daily event rate of the beam induced muon events normalized by protons on
target.
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6.2. Beam direction
The profile of the beam in the x and y directions is reconstructed with the
number of neutrino events in seven horizontal and seven vertical modules,
respectively. The observed profiles are fitted with a Gaussian function. The
profile center is defined as the peak of the fit. Finally, the beam direction is
reconstructed as the direction from the proton beam target position to the
measured center at INGRID.
In order to monitor the stability of the beam direction, the number of
neutrino events is accumulated on a monthly basis. Figure 26 shows the
observed profiles in April 2010. Black points in this figure show the number
of neutrino events in each module and the red dashed lines show the fitted
Gaussian.
Black and blue points in Fig. 27 show the history of the beam centers in
the x and y directions. All the points were stable well within 28 cm, which
corresponds to the requirement of 1 mrad for the beam direction. Because
beam direction was adjusted in November 2010, the beam centers in the y
direction for later months are slightly shifted toward the center.
χ2/ndf 
Center 
Sigma 
7.1/4 
0.05   ± 2.89 
433.2 ± 4.7 
χ2/ndf 
Center 
Sigma 
4.0/4 
-11.0  ± 3.2 
464.1 ± 5.6 
Fitted gaussian Fitted gaussian 
Figure 26: Neutrino beam profiles for x (left) and y (right) directions measured in April
2010.
The systematic error of the profile center measurement was estimated by
a toy MC simulation. In the simulation, the number of events at each module
is changed within the range of the total detector systematic error of 3.7%.
28
period
Jan, Feb 2010
Mar Apr May Jun Dec Feb 2011
Mar 
Pr
of
ile
 c
en
te
r [
cm
]
-30
-20
-10
0
10
20
30
Horizontal
Vertical
1 mrad±
S(U)
N(D)
Figure 27: History of the neutrino beam centers.
100,000 profiles are generated and RMSs of reconstructed center values are
taken as the systematic errors; 9.2 cm and 10.4 cm for the x and y center,
respectively.
From the beam center measurement and the survey between the pro-
ton target and the INGRID detectors, the average beam direction in x
and y direction are measured as -0.014±0.025(stat.)±0.33(syst.) mrad and
−0.107±0.025(stat.)±0.37 (syst.) mrad, respectively. The beam direction is
measured with a precision better than the requirement.
7. Conclusion
We have reported the muon neutrino beam measurement with the T2K
on-axis near neutrino detector, INGRID, for the T2K Run 1 and Run 2
data (1.44 × 1020 POT in total). INGRID consists of 14 identical modules
arranged in a cross around the beam center. This configuration enables us
to sample the beam in a sufficiently wide area to measure the beam center
with a minimum of material.
The neutrino event rate is measured on a daily basis and remains sta-
ble within the statistical error, which is typically 1.7%. The data/MC
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ratio of the event rate is measured to be 1.06±0.001(stat.)±0.04(detector
syst.)±0.02(POT error).
Beam centers in the x and y directions are measured on a monthly basis
and are stable well within 28 cm, which corresponds to the required 1 mrad in
angle. The angle between the expected and measured beam center direction
in the x and y directions are -0.014± 0.025(stat.)±0.33(syst.) mrad and -
0.107±0.025(stat.)±0.37(syst.) mrad, respectively.
We conclude that the neutrino beam intensity and direction remain stable
during the measurement based on the precise measurement with INGRID.
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